Abstract The frequency dependent permittivity for dusty plasmas is provided by introducing the charging response factor and charge relaxation rate of airborne particles. The field equations that describe the characteristics of Terahertz (THz) waves propagation in a dusty plasma sheath are derived and discretized on the basis of the auxiliary differential equation (ADE) in the finite difference time domain (FDTD) method. Compared with numerical solutions in reference, the accuracy for the ADE FDTD method is validated. The reflection property of the metal Aluminum interlayer of the sheath at THz frequencies is discussed. The effects of the thickness, effective collision frequency, airborne particle density, and charge relaxation rate of airborne particles on the electromagnetic properties of Terahertz waves through a dusty plasma slab are investigated. Finally, some potential applications for Terahertz waves in information and communication are analyzed.
Introduction
An ionized plasma sheath develops around a speeding spacecraft body during reentry. The sheath results from the high temperature ablation and friction between the atmospheric gases and the thermal insulation materials, as well as the spacecraft surface in the near space. As the electron density surrounding the spacecraft becomes sufficiently high, a frustrating communication blackout occurs [1, 2] , that is, all communications between the spacecraft and the ground are lost. So far, common plasma models [3−5] are used to simulate the sheath that causes a radio blackout. Dusty plasmas [6−10] or plasmas containing dust charged particles [11, 12] may be responsible for the blackout, because the volatile tiny airborne particles produced by the friction and ablation are in the ionization, charge, and discharge conditions. The charge cycle of airborne particles may alter the electromagnetic characteristic of the plasma sheath [13−17] . The dielectric tensor for the weakly ionized dusty plasma at the microwave frequency band is deduced in Ref. [18] . In the blackout case, the effects of airborne particles on the permittivity for plasmas should be taken into account and not be overlooked.
Different ways, for example aerodynamic shaping, electrophilic injection, high transmission power, magnetic window, and Raman scattering, have been used to mitigate the plasma layer effects. However, the blackout problem has not been fundamentally solved yet. In recent years, the fast growth of Terahertz (THz) wave techniques [19−23] probably supplies an effective way to pierce the blackout, since the interruption of communications is mostly due to the highly decaying carrier wave [20, 21] . The Terahertz time-domain spectral techniques are applied to the characterization of a He discharge plasma in Ref. [20] . The electrical conductivity of laser-produced warm dense aluminum (Al) plasmas is measured using the single-shot ultrafast terahertz frequency spectroscopy in Ref. [23] . Ref. [24] analyzes the propagation of THz waves in an atmospheric pressure microplasma with an Epstein electron density profile. Moreover, the dispersive metal interlayer and airborne particles with the size comparable with the Terahertz wavelength, whose rotation frequency and vibration frequency are at THz frequencies, are supposed to be considered.
The paper is organized as follows. First, the configuration of Terahertz waves propagation through a plasma sheath is illustrated. The dispersive relative permittivity, which is determined by the charging response factor, charge relaxation rate of airborne particles and so on, is given. The auxiliary differential equation finite difference time domain (ADE FDTD) methods for dusty plasmas and normal metals at THz frequencies are established. Then, the effects of the medium parameters on the Terahertz waves propagation through a dusty plasma slab are analyzed. The absorption characteristics of dusty plasmas are investigated. Finally, a brief conclusion is given.
2 ADE FDTD method for dusty plasmas and metals
Physical model
The one-dimensional (1D) ADE FDTD simulation environment in Fig. 1 is employed in this paper. The wave source is on the connective boundary. The field components E x and H y remain to propagate along the z axis. The metal is surrounded by the dusty plasma and centered in the FDTD domain. d 1 and d 2 are the thicknesses of the metal and the dusty plasma, respectively. The Mur absorbing boundary is implemented to absorb the reflected and transmitted waves. 
Permittivity for dusty plasmas and metals
The charge cycle of airborne particles is the unique nature of dusty plasmas [25] compared with normal plasmas. During the inelastic collision, the energy of charged particles is transmitted to the airborne particles, which affects the dielectric characteristic of dusty plasmas. Thus, the charging response factor η ed can be introduced [26] ,
where e, m e , and N e represent the electric charge, mass, and density of an electron, respectively. N d and r d are the density and radius of airborne particles.
Charging frequency ν ch is the charge relaxation rate of airborne particles. ν ch illustrates the rapidity of the quantity of electricity on the surface of airborne particles recovering the equilibrium state and can be expressed as
where V Ti and ω pi are the thermal velocity and angular plasma frequency of ions. T i and T e are the ion and electron temperatures, respectively. Z is one airborne particle's charge number. κ is the Boltzmann constant. The dispersive relative permittivity for dusty plasmas is [26] ε r (ω) = 1 − ω 2 pe
.
In Eq. (3), ν eff is the effective collision frequency between electrons and molecules. The permittivity is basically affected by the electron collision, as well as the airborne particles' charge cycle. ω pe is the angular plasma frequency, that is,
Eq. (3) can be rewritten as
The frequency-dependent relative permittivity [27] for metals at the THz frequency region can be obtained based on the measured complex reflection and transmission coefficients of a metal plate using the Terahertz time-domain spectroscopy technique and characterized by the Drude model
In Eq. (6), ε ∞ is the limit of the relative permittivity at high frequency, σ is the metal conductivity, while ω p and Γ represent the angular plasma frequency and electron scattering rate, respectively.
ADE FDTD method
The constitutive relation for dusty plasmas is [28, 29] 
where D, P and χ e represent the electric displacement, polarization intensity, and electric susceptibility, respectively.
By comparing Eq. (5) with Eq. (7), the relation between the P and E becomes
Eq. (8) can be reorganized as
By using jω → ∂/∂t, the time-domain counterpart of Eq. (9), namely, the corresponding electric polarization intensity P satisfies the following equation,
By introducing the source current J s and the induced current
the field and current equations for dusty plasmas become
By applying the standard leapfrog time, staggered finite difference grid approach, Eq. (13) can be numerically discretized as
The FDTD cell size ∆z=2 µm is used, and the time step is ∆t=0.5∆z/c.
In a similar derivative process, the corresponding iterative equation for the current density in the dispersive metals is
with
In order to eliminate the Maxwell equations' sharp singularities and discontinuities [28] , the average medium parameters are employed in computing the fields and currents on the media boundaries.
The transmission, reflection, and absorption coefficients defined in decibel scale are,
In Eq. (17),
, and E r (f ), which can be got by the Fourier transform of the electric fields in the time domain, are the incident, transmissive, and reflective electric fields of the slab. [26] , respectively. The good agreement between the two different methods can be seen in Fig. 2 , which proves the accuracy of the ADE FDTD method. 
Reflection and transmission of THz waves versus thickness
In Fig. 3 , the · · · , o, −, and ∆ plot the reflection coefficients and transmission coefficients of a 70 nm thickness Al slab and a dusty plasma slab with thickness d=2 cm, 4 cm, and 6 cm, respectively. As given in Ref. [27] , ε ∞ =1, ω p = 22878 THz, and Γ = 121.9 THz for Aluminum plate are used in this paper.
12 rad/s, ν ch =7×10 11 rad/s, and r d =1 µm are assumed. The reflection coefficients decrease and transmission coefficients increase versus the frequency in Fig. 3 . As the slab's thickness increases, the FDTD predicted the resonant reflection coefficients of the slab turn smooth and transmission coefficients decrease at higher working frequencies. The propagation characteristics of THz waves and microwaves through dusty plasmas are similar to some extent.
The program will diverge as THz waves in the metal Al with the medium parameters given above are simulated with the ADE FDTD method. The angular plasma frequency in Eq. (6) is so large that the coefficients of the iterative equation for the electric current in Eq. (15) do not satisfy the necessary conditions for convergence [28] . The numerical instability, dispersion, and anisotropy of the difference equations are not attributed to the physical properties of the materials. They are generated by the difference approximation of putting plane waves into the ADE FDTD iterative equations [28] . In Fig. 3 , the reflection coefficient and transmission coefficient of the Al slab are computed with the propagation matrix method [30] . As plotted in Fig. 3(a) , the THz waves are mostly reflected by a 70 nm thickness Al slab. The transmission coefficient of the Al slab versus working frequency is below -50 dB in Fig. 3(b) . Thus, the influence of metals is ignored in the following sections.
Absorption of THz waves versus N d
The electromagnetic properties of Terahertz waves in dusty plasmas are affected by the charge cycle of airborne particles and collision of moving electrons. During the inelastic collision of airborne particles charged by electrons, the energy of the electrons accelerated by Terahertz waves is convertible to the thermal-motion of airborne particles. As N e and N d increase, the absorption coefficients for the slab increase in Fig. 4 . That is because increasing the N e , N d , and r d makes the possibility of the inelastic collision keep increasing. More energy of Terahertz waves is converted into the internal energy of dusty plasmas that gives rise to the attenuation of THz waves. The imaginary part of the relative permittivity for dusty plasmas, which represents the loss characteristic of plasmas, increases as the airborne particle and electron densities increase. Likewise, the absorption can be raised by increasing r d (not shown in this paper) too. The absorption coefficients for the slab apparently reduce versus the working frequency in Fig. 4 . One can conclude that the THz waves at higher frequencies can be applied to the detection and diagnosis of dusty plasmas.
Absorption of THz waves versus ν eff
and ν ch 
Conclusion
In summary, we theoretically research the electromagnetic characteristic of terahertz waves propagation in dusty plasmas with the ADE FDTD method. The invalidation of the method for the dispersive metal Al at THz frequencies is discussed. The theoretical results show that THz waves are almost reflected by the Al interlayer. The ADE FDTD numerical results indicate that the absorption coefficient of dusty plasmas increases if the electron density, airborne particle density, thickness, and effective collision frequency increase. However, the absorption coefficient is insensitive to the charge relaxation rate of airborne particles. The theoretical work may find applications of the terahertz wave technology in information and communications fields, the cross-development of the scattering characteristic of radar targets and spatial information technology subjects.
